Toward complete coupling between propagating light (PL) and a single localized-surface-plasmon (LSP) nanostructure, we propose a tapered-fiber-coupled microspherical cavity system combining an Au-coated probe tip. This system possesses the unique characteristic of precise adjustability for the fiber-cavity coupling rate and the cavity-plasmon coupling rate, which is indispensable for achieving the critical coupling conditions. We successfully demonstrate the 93% PL coupling into the LSP antenna with an effective area of a 58 nm circle, exceeding the diffraction limit. Localized surface plasmons (LSPs) of metal nanostructures have attracted considerable attention because of the unique enhancement of the exciton-photon coupling by strong localization of the optical field [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The LSP polaritons have the ability to confine the optical field into nanometer-scale areas, exceeding the diffraction limit, using the so-called optical antenna effect [1] [2] [3] . LSP fields with the small mode volumes strongly enhance the interactions between light and matter [4] [5] [6] [7] [8] . Recently, vacuum Rabi splitting was observed in exciton-plasmon coupling systems at room temperature [9] [10] [11] . This effect demonstrates that a single photon harvested by the LSP antenna can couple into a single-exciton state with high efficiency, which will be applicable to highly efficient photonic devices. One of the ultimate goals is a single-photon switching gate for quantum information [12, 13] .
Localized surface plasmons (LSPs) of metal nanostructures have attracted considerable attention because of the unique enhancement of the exciton-photon coupling by strong localization of the optical field [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The LSP polaritons have the ability to confine the optical field into nanometer-scale areas, exceeding the diffraction limit, using the so-called optical antenna effect [1] [2] [3] . LSP fields with the small mode volumes strongly enhance the interactions between light and matter [4] [5] [6] [7] [8] . Recently, vacuum Rabi splitting was observed in exciton-plasmon coupling systems at room temperature [9] [10] [11] . This effect demonstrates that a single photon harvested by the LSP antenna can couple into a single-exciton state with high efficiency, which will be applicable to highly efficient photonic devices. One of the ultimate goals is a single-photon switching gate for quantum information [12, 13] .
Although the strong-coupling regime can be obtained within the LSP field, the coupling efficiency between a single LSP antenna and propagating light (PL) in free space or in optical waveguides is extremely low. The harvesting antenna size, which corresponds to the extinction cross section of a single metal nanostructure, is typically ß10 3 nm 2 for visible light [14] , which is comparable to the actual geometrical cross section of the structure. The desired size of a single antenna structure is on the order of tens of nanometers, which is determined from the LSP resonance wavelength. Conversely, the cross section of the PL mode is ß10 5 nm 2 for a diffraction-limited spot and ß10 7 nm 2 for a single-mode optical fiber. This size mismatch between the LSP antenna and the PL mode results in a low coupling efficiency on the order of ß10 −4 −10 −2 , which limits the total throughput of the exciton-photon coupling via the LSP polariton.
The use of microcavities can drastically improve the efficiency of the optical coupling with metal nanostructures. There are some reports on the cavity-LSP coupling systems and their applications to highly sensitive biosensors and efficient photon emitters [15] [16] [17] [18] [19] . Those works, however, have not paid attention to ultimate optimization of the coupling between the PL mode and the LSP antenna via the microcavity mode [20, 21] . Toward complete PL-LSP coupling, which means that all power of PL can couple into a single LSP antenna * sasaki@es.hokudai.ac.jp without loss, we employ a tapered-fiber-coupled microspherical cavity. Microspherical cavities possess ultra-high-quality factors (>10 8 ) and small mode volumes (<10 3 μm 3 ) [22] [23] [24] [25] , which can provide sufficiently high intracavity enhancement for strong PL-LSP coupling. Because the whispering gallery mode forms an evanescent field around the microsphere, a metal nanostructure placed on or near the sphere surface can be coupled with the cavity mode. By changing the separation distance between the sphere and the metal structure, the coupling constant between the cavity mode and the LSP polariton can be adjusted precisely. And, the optical tunneling between the tapered fiber and the sphere can be controlled with tuning the distance. This adjustability is indispensable for attaining the critical (complete) coupling condition. Here, we experimentally demonstrate the applicability for the highly efficient PL coupling into an LSP antenna with a minute cross section.
In this study, the PL-LSP coupling efficiency G is defined as the ratio between the power of light coupled into a single metal nanostructure P 2 and the power of incident light on the tapered fiber P 1 . The efficiency G at the cavity resonance is theoretically given by
where γ 1 represents the coupling rate between the PL mode of the tapered fiber and the resonance mode of the spherical cavity, γ 2 is the coupling rate from the cavity mode to the LSP antenna, and γ c is the rate of the intrinsic cavity loss including the coupling loss to the higher-order fiber modes (see Fig. 1 ). These coupling rates are assumed to be much smaller than the inverse of the cavity round-trip time, i.e., γ 1 , γ 2 , γ c c/ l c , where l c denotes the effective cavity length and c is the speed of light. This approximation is valid for the experimental system described below. Equation (1) is derived from the resonance condition on the cavity field as
FIG. 1. (Color online) Optical coupling into a metal nanostructure using a tapered-fiber-coupled microspherical cavity. The doubleheaded arrows show the direction of the electric field (TM mode). Propagating light in a tapered fiber is coupled to a microspherical cavity, and a single metal nanostructure (LSP antenna) placed on or near the microsphere surface can be coupled to the cavity mode. By adjusting the coupling parameters, the critical PL-LSP coupling is realized such that the whole power of incident light can be harvested by the LSP antenna.
and the output coupling condition as
where P c is the power of light confined in the cavity. The first and the last terms in Eq. (2) represent the output from the cavity and input from the tapered fiber, respectively [26] . The cavity-LSP coupling rate γ 2 can be determined from
where S is the cross section of the whispering gallery mode, and σ is the effective extinction cross section of the LSP antenna, which is a function of the antenna position within the cavity mode. We note that the extinction cross section consists of scattering and absorption components, and both of these loss processes are intermediated by the LSP state. According to Eq. (1), the required conditions for realizing the critical PL-LSP coupling, in which the coupling efficiency is maximized (G = 1), are
The coupling rates can be experimentally estimated from the linewidths of resonant dips in transmission spectra measured at the output port of the tapered fiber. The relation between the linewidth ν and the coupling rates is expressed as
The transmittance T of the fiber output power at the resonance wavelength is also a function of the coupling rates,
When the intrinsic cavity loss is negligibly small with γ 1 γ c and γ 2 γ c , the PL-LSP coupling efficiency is approximately given by The experimental setup and its micrographs are shown in Fig. 2 . The diameter of a fused-silica microsphere is 50 μm. The waist diameter of a tapered fiber is ß400 nm, which maintains single-mode propagation in the tapered fiber. For the LSP antenna, we employ an atomic force microscope (AFM) probe tip with metal coating. The tip is prepared by depositing an Au film on a commercial Si AFM probe. The film thickness is designed to be 50 nm [see Fig. 2(d) ]. The scattering spectrum of this probe exhibits a resonant peak at 730 nm, and the full width at half maximum of the peak is ß200 nm [27] . The tapered fiber and the Au-coated tip are positioned at opposite sides of the equator of the microsphere [Figs. 2(b) and 2(c)], and their separation distances from the sphere surface are individually controlled using the feedback-controlled threedimensional piezo manipulators with the nanometer precisions [28] . The zero distance is determined as the position where the spectral change is stopped in the fiber-and tip-approaching processes. This coupling cavity system is placed in an acrylic chamber that is filled with dry air (humidity <1%). chamber is further covered with expanded polystyrene to be kept at a stable temperature (<0.1 K for an hour).
A tunable external-cavity diode laser with a linewidth of 300 kHz is introduced into the input port of the tapered fiber, and the light power at the output port is detected with a photodiode. For measuring transmission spectra, the laser frequency is swept over a range of 5.1 GHz around 780 nm wavelength. The laser power is less than a few nW, so as to avoid the thermally induced shape change in resonant spectra. The polarization of the incident light is adjusted with wave plates using an experimental technique [29] , such that the transverse magnetic (TM) modes can be selectively excited in the microspherical cavity.
In the first step of the experiment, we analyze the resonance property of the tapered-fiber-coupled microspherical cavity without the metal nanostructure. The transmission spectra are observed by varying the separation distance between the sphere surface and the tapered fiber, as shown in Fig. 3 . When the fiber is far (>350 nm) from the microsphere, the cavity does not affect the spectrum and the transmittance of the tapered fiber T 0 is 0.99. At a distance of 280 nm, split resonant dips appear in the spectrum. This splitting can be attributed to the backscattering-aided coupling between two degenerate whispering gallery modes propagating in opposite directions [30] . The linewidth of the single dip is 2.4 MHz, which corresponds to the quality factor of 1.6 × 10 8 . According to Eq. (6) with γ 1 ≈ γ 2 = 0, the intrinsic loss rate γ c of the microspherical cavity is 1.51 × 10 7 s −1 . As the separation decreases to 70 nm, the transmittance at the resonance frequency is reduced to the minimum. At this distance, the fiber-sphere coupling rate γ 1 would be balanced by the cavity loss rate of γ c ; thus, the transmittance should be zero, but the experimental result indicates T p = 0.047. This deviation can be explained by the uncoupled light having a different polarization than the cavity mode. The polarization change in the tapered fiber cannot be eliminated completely [29] . By further decreasing the distance, the dip becomes much broader and shallower, and when the fiber is in contact with the microsphere, the spectrum is nearly flat. However, an insignificant resonant dip remains because the transmittance at the resonance frequency is 0.98, which is slightly lower than T 0 .
In the second step, the cavity-LSP coupling system is analyzed after including the Au-coated AFM tip as the metal nanostructure. The position of the Au-coated tip is moved toward the microsphere in 15 nm intervals, while contact between the tapered fiber and sphere is maintained. Figure 4 shows the transmission spectra measured at four distinct distances. At a large separation (>1140 nm) between the tip and the sphere surface, there is no change from the flat spectrum in the bottom of Fig. 3 . When the distance is 350 nm, the spectrum exhibits a resonant dip with a wide linewidth. The dip increases in the depth with decreasing separation. At a distance of 50 nm, the transmittance at the resonance frequency reaches a minimum at which the critical coupling condition given by Eq. (5) is achieved, as discussed below. The minimum transmittance T m is 0.053, which is almost the same as the minimum T p in Fig. 3 and can also be ascribed to the uncoupled polarization light. At this position, scattered light from the Au-coated tip can be clearly observed. When the Au-coated tip is even closer to the sphere, a slight decrease in the depth and a broadening of the resonant dip are observed in the spectrum. In the transmittance measurement, we simultaneously monitor the reflected light that is backward propagating in the fiber (Fig. 1) , and no appreciable signal is detected. Here, we note that there is no appreciable change from the flat transmission spectrum when an AFM tip without Au coating approaches the sphere (inset of Fig. 4) .
Figures 5(a) and 5(b) represent plots of the dip-bottom transmittance and the dip linewidth with respect to the metal tip-sphere distance. At the long-distance limit, the transmittance and the linewidth are asymptotically 0.98 and 280 MHz, respectively, as indicated by the green lines in Fig. 5 . Substituting this linewidth and γ 2 = 0 into Eq. (6), we determine the decay rate (γ 1 + γ c ) of the tapered-fibercontacted microspherical cavity to be 1.76 × 10 9 s −1 , which corresponds to the quality factor of 1.4 × 10 6 . Using the given γ c , the coupling rate γ 1 between the fiber PL mode and the cavity resonance mode is given as 1.74 × 10 9 s −1 . The transmittance calculated from these coupling rates using Eq. (7) is 0.97, which is in good agreement with the above-mentioned experimental value, even when the fiber transmittance is considered. As the separation decreases, the transmittance is drastically reduced, and then minimized at the distance of 50 nm, which suggests critical coupling. In contrast, the linewidth gradually increases and reaches 560 MHz at a separation of 50 nm. At this critical point, the total decay rate (γ 1 + γ 2 + γ c ) is 3.52 × 10 9 s −1 , from which we obtain a coupling rate γ 2 between the cavity mode and the LSP polariton of 1.76 × 10 9 s −1 . These results indicate that the critical coupling conditions of Eq. (6), γ 1 = γ 2 γ c , are successfully attained.
Using the given γ 1 , γ 2 , and γ c , the PL-LSP coupling efficiency G is estimated from Eq. (1) as 0.99. Given the leakage loss of the tapered fiber (1%) and the uncoupled polarization component (5%), the actual coupling efficiency of this experimental system is determined to be 0.93. Thus, we conclude that a 93% efficiency can be achieved for coupling between incident light in the fiber and a single metal nanostructure. We also calculate the cross section S, the effective cavity length l c , and the free spectral range of the whispering gallery mode using the finite-element method, which are 2.0 μm 2 , 220 μm, and 1.6 THz, respectively. We then determine the effective extinction cross section σ of the LSP antenna according to Eq. (4) to be 2.6 × 10 3 nm 2 , which corresponds to a circular area with a diameter of 58 nm. The ratio of the LSP antenna size to the cavity mode cross section is 1.3 × 10 −3 , which corresponds to a ß10 3 enhancement of the PL-LSP coupling efficiency.
To conclude, we have successfully demonstrated nearly complete optical coupling into a single metal nanostructure using a tapered-fiber-coupled microspherical cavity system. Light propagating in an optical fiber can be confined into an LSP antenna with an effective area of a 58 nm circle, exceeding the diffraction limit, with an efficiency of 93%. In other words, the cross section of a single plasmonic nanostructure can be effectively enlarged to a size comparable to a mode area of a waveguide, thereby bridging the three-order-of-magnitude difference in size. Finally, the well-designed combination of the microcavity enhancement and the LSP localization can realize light focusing into a single-nanometer area with perfect efficiency.
